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Abstract 
Indoor air quality is significantly associated with ventilation. In China, natural ventilation system is the norm in residential buildings. 
In China this means only leakage and opening of windows, doors. The present study developed a practical and feasible method to 
measure air change rate in residential buildings. The air change rates in residential buildings were calculated by using CO2 produced 
by occupants as tracer gas. Portable CO2 monitors were located in representative rooms and measured CO2 concentration for 24 
hours continuously. Single zone model and multiple zone model were developed to calculate air change rates. 266 dwellings were 
measured. The air change rates in 40% dwellings were calculated as single zone since the CO2 concentration differences in 
representative rooms were less than 10%.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Indoor air quality is significantly associated with ventilation. Many studies on ventilation and health have 
concluded that lower air change rates can have a negative effect on people’s health and low ventilation may result in 
an increase in allergic diseases among children [1, 2, 3, 4]. 
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Few studies focused on air change rate measurements in homes. A common method for air change rate 
measurements in homes is the PFT method [1, 5, 6, 7, 8, 9]. However, the PFT method is costly and provides only 
one average value of air change rate over the measuring period (normally a week). Moreover, the tracer gas is partly 
adsorbed by furniture and therefore the method has a positive bias: the measured air change rate may be larger than 
the actual one [10]. 
In China, natural ventilation system is common in residential buildings. This study aims to develop a practical and 
feasible method to measure air change rate in residential buildings with natural ventilation system. 
2. Methods 
2.1. Questionnaires 
In order to estimate the CO2 emission rate in homes during the period of the measurement, parents were asked to 
report occupants’ numbers, their height and weight. If possible, the time period with nobody in the home was also 
reported. The layout of the dwelling was drawn, in order to calculate the volume of the rooms and analyse the path of 
airflow. The locations and measured time periods of each CO2 monitor were recorded. Additionally, the opening status 
of windows/doors (closed, slightly open, half open or fully open) during day and night was recorded as well. 
2.2. CO2 monitors 
Portable CO2 monitors were used to measure CO2 concentrations. The measurement range is 0-9999 ppm and 
accuracy is 50ppm ±5% of reading. CO2 monitors were located close to interior walls and door and 2 m away from 
occupants. Room corners were avoided. CO2 monitors were calibrated before measurement. The sampling interval 
was set at 1 minute. CO2 concentrations in three representative rooms (child’s room, parents’ room and living room) 
in homes were measured for 24 hours continuously. The other bedroom was measured if child and his/her parents 
share one room. Prior to each home measurement, CO2 concentration outdoors was continuously measured for 15-20 
minutes. 
2.3. Theoretical model 
Air change rates in residential buildings are calculated by using CO2 produced by occupants as tracer gas. All tracer 
gas techniques are based on the mass balance of the tracer gas in a single zone. The equation can be expressed as 
follows [10], 
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where F is the tracer gas emission flow rate, Q is the air volume flow rate through the enclosure, ce is the outdoor 
concentration of tracer gas, c is the indoor concentration of tracer gas at time τ, τ is the time and V is the effective 
volume of the zone.  
Depending on specific application, the tracer gas method is conducted using of build-up method and decay method 
[11].  
2.4. Single Zone Model  
2.4.1. Build-up method: 
The method is fitting the measured data into a theoretical model by an exponential curve using the least square 
method. The individual step increase of CO2 concentration within time interval Δτ is described by the instantaneous 
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flow rate equation as follows, 
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Where Δc is the unit concentration change, Δτ is the unit time interval, FCO2 is the emission rate of CO2, N is the 
air change rate and Vzone is the volume of the zone. 
The emission rate of CO2 can be calculated as follows [12]: 
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where F is the emission rate of CO2, RQ is a respiratory quotient, which is generally assumed to be 0.83 [13], H is 
the height of occupant, W is the weight, M is the metabolic level. 
The CO2 concentration at the end of the time interval (c2) can be computed as a sum of the initial concentration (c1) 
and the unit increase of concentration (Δc). The calculation can be repeated for each successive time interval so that 
a theoretical exponential curve can be constructed. This theoretical curve is fitted to the measured data using least 
squares. For this, the production rate of CO2 is set within a range of minimum and maximum values based on the 
weights and heights of occupants. This iterating process gives the best fitting air flow and emission rates for CO2 are 
found. 
2.4.2. Decay method: 
Measured concentrations are fitted with an exponential curve. The initial concentration of the curve is equal to the 
first measured concentration. Next concentration is calculated as:  
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where c1 is the initial CO2 concentration, c2 is the next CO2 concentration, index “2” is substitute in next step by 
“3” etc. until all points of exponential curve are calculated, Δc is the maximum step-down change of concentrations 
(c1-cout ) and τ is the time,. 
The theoretical curve is fitted to the measured data using least squares. This iterating process gives the best fitting 
air flow.  
Depending on whether there are occupants at home or not, build-up or decay method is used, respectively.  
2.5. Multiple Zone Model  
One home has more than one room. When the criterion of “<10% deviations in concentration” is fulfilled, a home 
can be investigated as a single zone. Therefore air change rate in homes can be calculated by using the single zone 
model mentioned above. However, with closed doors between rooms and varying number of persons in each room 
the CO2 concentrations will vary greatly. Then a multiple zone model is needed. 
The layouts of typical Chinese homes are as Case 1 and Case 2 in Fig.1. Case 1 can be treated as a two-zone model 
and Case 2 as a three-zone model. Due to wind and stack pressure, air from outdoor enters into child’s room through 
window, and the same volume of air enters into the adjacent living room. There are many ways for air exchanged 
between outdoor and indoor because of the zone of living room including some rooms like kitchen, bathroom and so 
on. Of cause, the direction of air into child’s room may be reverse, it’s depending on the combination effects of wind 
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and stack pressure. The air flow path in parent’s room is similar to that in child’s room (as shown in Fig. 1 Case 2). 
The following calculation process of fitting theoretical data into measured data by least square method is similar to 
the build-up method in single zone model. This multiple zone model simplified the airflow path into one direction as 
shown in Fig. 1. Therefore the calculated results demonstrate a range of air change rate in residential buildings. A 
ceiling value of air change rate can be obtained when the air flow is assumed to come from outdoors through child’s 
room to the adjacent living room. On the other hand, if the airflow is assumed flowing into child’s room through 
adjacent living room from outside, a bottom value of air change rate can be obtained.   
 
 
Case 1 
 
Case 2 
Fig. 1. Air flow path in two zone model and three zone model in typical Chinese homes 
3. Results and discussions 
Air change rate measurements in homes were performed from September 2013 to December 2014, and 266 homes 
were measured.  
Air change rates in 40% of homes were calculated by using the single zone model since the CO2 concentration 
deviation in each room was less than 10%. Case 1 shown in Fig. 2 is an example of the CO2 concentration distribution 
in one home which can be treated as a single zone. The occupants number, and their weight and height in case 1 are 
shown in Table 1. Windows in case 1 were all closed, while internal doors were all fully open during night. Air change 
rate of the whole dwelling calculated by the single zone model was 0.32 h-1. If child’s room is treated as one zone and 
all the other rooms are treated as another zone, air change rate of the whole dwelling calculated by the multiple zone 
model was 0.41 h-1. The differences are less than 30%. 
Case 2 in Fig. 2 shows an example that CO2 concentration deviation in measured rooms were >10%. During the 
sleeping time, the CO2 concentration in child’s room (the blue line) was significantly different from those in other two 
rooms. The door of child’s room was slightly open, while the other internal doors were fully open. All windows were 
closed. The information on occupants number, weight and height of occupants is shown in Table 1. The air change 
rate in child’s room (the first zone) was 0.04 h-1, and the air change rate in the other rooms (the second zone) was 0.45 
h-1. Air change rate of the whole home was 0.35 h-1.  
Case 3 in Fig. 2 shows an example of CO2 concentration distribution in empty spaces (no person at home during 
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certain time). The differences of the CO2 concentration in each room were little. Air change rate of the whole dwelling 
calculated by decay method during that time was 0.97 h-1. 
The present paper aims at developing the above “CO2” method to calculate air change rate in residential buildings. 
These values of air change rates in dwellings are described in another paper [14]. 
 

Case 1 
 

Case 2 
 

Case 3 
Fig. 2. Examples of the CO2 concentration measured in three typical Chinese homes  
Table 1. Information of people sleeping at night during measurement 
Case  Height (cm) Weight (kg) Sleeping room 
1 Person 1 158 50 Child’s room 
 Person 2 180 72 Other room 
 Person 3 163 64 Other room 
2 Person 1 132 22 Child’s room 
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 Person 2 170 74 Other room 
 Person 3 160 66 Other room 
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